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Introduction
A number of different genetic mechanisms cause mutations in coding genes, ranging in size from point mutations, through insertions and deletions (indels) of a few residues, to rearrangements of protein domains and fusion of entire genes. In general, mutations occur at random but are under selective pressure. One general result of this is that residues in the core of a protein are more likely to be maintained through evolution compared to those on the surface of the protein [1] . Further, short indel events are more likely to occur in loops than in secondary structures.
Short indels occur by, for instance, DNA replication slippage during replication or repair [2] . Longer extensions can occur through the conversion of 3'
UTRs into coding regions [3] and through cassette duplications of protein domain repeats, a feature that is particularly common in higher eukaryotes [4] .
Novel coding regions may also be created through tandem repetitions of short nucleotide sequences (microsatellites) within the coding region [5] .
As some regions of proteins are less crucial to the functionality to the protein than others it is safe to assume that indels within some regions are less likely to be deleterious than indels in other regions. Short indels that become fixed in the population preferentially occur in solvent accessible loop regions [6] . Longer indel events involve the insertion or deletion of entire protein domains, primarily at the N-and C-termini of proteins [7] but also, when it comes to repeated domains, within the central parts of a protein [7] . The selective pressure acting on these longer indel events is less well understood.
However, in the case of repeated proteins it is clear that the duplication of particular domain combinations are strongly favored [8] . The large length variation caused by indels of several protein repeat domains affects binding properties of the proteins, i.e. longer indels events are often associated with functional changes [9] .
During the last decade it has become evident that while most proteins contain folded domains, and indeed most proteins contain more than one domain [10] , some proteins are partially or even fully disordered [11, 12, 13] . These sequences are characterized by two primary features; (i) a low level of hydrophobicity which precludes the formation of a stable globular core; (ii) a high net charge which favors an extended structural state due to electrostatic repulsion [14] . These properties lead to that intrinsically disordered proteins are, in general, more expanded in native conditions than foldable proteins [15] .
One important observation concerning intrinsically disordered regions is the fact that they are not at all as common in prokaryotes as in eukaryotes [16, 17] , suggesting that disorder could be a component required for higher complexity [18] , although it is possible that another reason for this finding is the compactness that characterizes prokaryotic genomes [19] . In-trinsically disordered regions are in general fast evolving, but there are also examples of highly conserved intrinsically disordered regions [14, 20] . Further, many intrinsically disordered regions are important for binding [17, 13] and intrinsically disordered regions are a common feature of the hubs in protein-protein interaction network of Saccharomyces cerevisiae [21, 22] .
Here, we present an investigation into insertions and deletions within disordered regions. We show that indels, here defined as regions that are aligned against gaps, contain much more disordered residues than aligned positions.
Further, the longer the indel, the more likely that it is disordered. Finally, among the proteins where the disordered region is at least as conserved as the ordered region, we find an overrepresentation of proteins that are involved in processes related to translation.
Results and Discussion
We have applied two disorder predictors, Iupred [23] and Disopred [24] , to analyze the evolutionary patterns of disordered residues in particular with respect to indels. There are many flavors of protein disorder [25, 13] . For instance, short and long disordered regions appear to perform different functional roles, where the short disordered regions often serve as loops in otherwise structurally ordered proteins [16] . Such regions are less conserved than their structured surroundings [26] , whereas long disordered regions often are more conserved than the surroundings [16] .
The identification of disordered regions is to a large extent performed by using different predictors. What these predictors detect depend on their accuracy as well as what they been trained to identify. The training is often based on missing, or high B-factor, residues in crystal structures. However, these properties also characterize flexible loops. Therefore, there are not exact rules to distinguish between flexible loops and short disordered regions. With this in mind, we have focused our analysis on long disordered regions, by applying a filter, where all predicted regions shorter than 31 residues are removed. Predictions performed using Iupred are based on single sequences and identifies primarily long disordered regions. Disopred on the other hand makes use of multiple sequence alignments and is considered superior for detection of short disordered regions. It is worth noting that even after filtering Disopred predicts about twice as many disordered residues as Iupred, see Table 1 , showing that the exact amount of disordered residues is somewhat ambiguous. The correct alignment of distantly related proteins is a genuinely difficult problem and, since sequence alignment methods were developed for structured proteins, it may be particularly troublesome to align distantly related disordered proteins [27] . Here, we have used HMM-HMM alignments methods to obtain the best possible alignments of all protein pairs in our dataset.
Although using state of the art methods should minimize the problem, the exact details of ¡the alignments in fast evolving proteins are sometimes difficult to conclusively establish. Nevertheless, the general trends noted here are, to the best of our knowledge, independent of the choice of alignment method.
All indels were classified to be ordered (<25% disordered), disordered (>75% disordered) or mixed (25-75% disordered). The mixed category was small, 5% regardless of disorder prediction method, and was therefore not included below.
Long indels are disordered
In our analysis, each residue in an alignment is first classified as either ordered or disordered, according to a disorder prediction method, and, further, established as either aligned with a gap, and shall herein be referred to as an indel residue, or with another residue, here referred to as an aligned residue, see Figure 1 .
First, we note that there is a tendency for indels to be longer at the termini, see Figure 2 . It is well known that protein domains often are added at the protein termini [7] , which in part explains our observation. But it is also clear that indels shorter than a complete domain are more common at the termini. We find that indels starting at the N-terminal are the longest, spanning on average around 47 residues, compared to 33 residues at the Cterminal while non-terminal indels consist of about six residues. The fungal set shows a similar trend, but the terminal indels are shorter. Naturally, the number of short indels far exceeds the number of long ones, see Figure 2 , both at the termini and internally. However, relatively short indels are less common toward the termini.
Second, for longer indels, the fraction of disordered residues grows as the length of the region increases, see Figure 3 . This suggests that, while small changes may affect ordered regions, disordered regions tend to accept larger changes. This is in agreement with earlier observations of evolution of disordered regions in the centrosomes [28] . Further, given indels of the same length, those located at the internal regions contain more disordered residues than terminal indels.
Terminal indels are often disordered
Next, we studied the length distribution of ordered and disordered indels.
From Figure 4 it is clear that the shortest indels are the ordered internal indels, followed by disordered internal indels, ordered terminal indels and disordered terminal indels. Actually the length distribution of disordered terminal indels is quite flat. The rapid increase of average disorder in internal indels observed in Figure 3 can be explained by the fact that ordered internal indels are on average very short (average length 4 residues). In comparison the frequency of long internal disordered indels is much higher (average length 8 residues). The slower increase of average disorder with length in terminal indels is a consequence of relatively longer ordered indels at the termini (average length 21 residues).
Also, for the larger indels that occur at the termini it is clear, judging by Figure 3 , that indels at the C-termini are slightly more disordered than those at the N-terminus given the same length. This tendency is exemplified, for instance, by the essential nucleolar protein KRR-1, one of the many proteins that has a clear cut expansion of disorder at one of the termini, in this case the C-terminus, see Figure 8 . In all the fungal homologs of S. cerevisiae KRR-1 that were included in the study presented here, there is a lysine-rich disordered region at the C-termini that is substantially less conserved than the rest of the protein and, additionally, of variable length.
As can be seen in Figure 5 there is significantly more disorder at indel positions compared to aligned positions and there is an increase in disorder among aligned position at the termini. In addition, the fraction of disorder is higher in internal indels compared with termini indels, in agreement with Figure 3 .
As we have shown, disorder is prevalent in indel positions, however it is also well known that indels are more frequent in loops than in regular secondary structures. To compare indels and disorder we calculated the Matthews Correlation Coefficient [29] between indels and disorder as well as with other predicted structural features, see Figure 7 . It is clear from this figure that disorder, to a greater extent than loops, overlaps with indels.
Some disordered regions are evolutionarily conserved
Although, as we have shown here, disordered regions are quite overrepresented among indels, and indeed disordered regions tend to evolve faster than ordered regions [30] , there are also several known exceptions to this rule [30] . Certainly, for a few cases, the protein family in question is evolving rapidly while the disordered region remains conserved [31, 32] . To examine such examples in our dataset, we compared the evolutionary events within the disordered and ordered regions of all proteins pairs, both with regard to the number of indels in these regions and, additionally, sequence identity, see Figure 6 . In general, disordered regions exhibit lower sequence identity and contain more indels but, again, there are a few notable exceptions.
We extracted the proteins where the disordered region is more conserved than the ordered region, retaining only those examples where Iupred30 and Disopred30 agree, thus gathering 14 pairs from C. elegans and D. melanogaster with this characteristic, see Table 2 , and 94 such pairs from the fungal dataset, see Table 3 . Utilizing, instead, the union of the protein pairs extracted using either Disopred30 or Iupred30 generated 118 protein pairs. EggNog [33] . Most notably, proteins involved in translation (i.e. ribosomal proteins) are clearly overrepresented in both datasets, see Table 4 . There is also some overrepresentation of proteins involved in RNA processing, the cytoskeleton, functions pertaining to nuclear structure and intracellular trafficking.
Conclusion
Here, we have studied the homologous proteins from C. elegans and D.
melanogaster, as well as homologous fungal proteins, with regard to the disorder content of indels. Due to the difficulty of aligning distantly related proteins, even using state of the art HMM-HMM alignment methods, in particular disordered proteins, the results should be regarded with a measure of caution. However, given that the results remain essentially the same irrespective of disorder prediction method and dataset used, we are confident the results are robust.
Most strikingly we have found that:
1. Long indels contain more disorder than short indels 2. Terminal indels are longer than internal 3. Internal indels are more disordered than terminal 4. Some proteins involved in information processing contain highly conserved disorder regions.
This connects to previous observations of the flexibility of the length of disordered regions [34] . While most indels are, of course, quite short, this is particularly true for those in the center of the proteins, while terminal indels tend to be longer. Disordered indels are relatively more frequent internally than terminally, in particular those that exceed 10 residues. Further, indels at the termini are generally longer, regardless of whether the inserted/deleted region is disordered or not. Clearly, there is a tendency for structured units, whether protein domains or not, to be added at the protein termini. This is in line with the suggestion that structured domains or structural embellishments may be preferentially added at the termini since such additions do not disrupt the structure to the same extent as long internal insertions [35] .
It is possible that there is some characteristic, such as tandem nuclear repeats, at the DNA level that could cause the observed increase of indels in disorder regions. However, in the absence of proof of such correlations, it seems plausible that the dominant cause of an elevated indel rate in disordered regions is a lower selective pressures for indels. This is in agreement with the idea that the function of at least some disordered regions is performed by sequential motifs important for binding rather than by folded structures. Therefore, further studies are required to discern if disordered regions that fold into specific structures upon binding, may not follow the same trends as we have shown herein.
Finally, while the disordered regions of proteins are generally less conserved, both at the residue level and, as we have here shown, with regard to insertions and deletions, there are a number of proteins where the disordered region is at least as conserved as the ordered region. In accordance with a previous study by Bellay et al [36] , we found that proteins that contain a highly conserved disordered region tend to be involved in information processes, such as RNA processing and translation.
Materials and Methods

Orthologous protein pairs
Orthologous protein pairs between Caenorhabditis elegans and Drosophila melanogaster were retrieved from pre-computed homology clusters from InParanoid (version 7) [37] . Additionally, an evolutionary distance filter was applied (Tree-Puzzle [38] distance ≤ 4) to avoid inclusion of non-homologs.
In total, 3,736 protein pairs were included. Orthologous protein pairs between Saccharomyces cerevisiae and five other fungal species (Candida albicans, Candida glabrata, Debaryomyces hansenii, Kluyveromyces lactis and Yarrowia lipolytica) were retrieved from InParanoid (version 7) [37] . An evolutionary distance filter was used as described above. In total, 18,389 protein pairs were included.
HMM-HMM pairwise alignments
Every sequence in the protein pair set went through a PSI-BLAST [39] run to obtain one PSI-BLAST multiple sequence alignment per sequence. Every pair was aligned using HMM-HMM global pairwise alignment with their respective PSI-BLAST multiple sequence alignments as input to HHalign [40] .
HHalign constructed one HMM profile per multiple sequence alignment and aligned the two HMM profiles. These terminal indels were then added in order to get full global pairwise alignments for the protein pairs.
Intrinsic disorder predictions
The intrinsic disorder was predicted with Iupred [23] and Disopred [24] .
For Iupred, the "long" setting was used. Additionally, two more predictions, "Iupred30" and "Disopred30", were added. These were generated by using the corresponding predictor results and only accepting disordered regions of at least >30 as disordered and marking the rest as ordered.
Internal, N-terminal, and C-terminal indels
Every indel was classified as N-terminal, C-terminal or internal based on the profile-profile alignment. An N-terminal indel is defined as a residues aligned to a gap before the first position in a pairwise alignment, and a C-terminal indel is a gap found after the last matching position. An internal indel is a gap found anywhere be- 
Conserved disordered regions
The conserved disordered regions are found by comparing the ordered and disordered regions of a pairwise alignment, see Figure 6 . To include every long disordered region predicted with Iupred30 and Disopred30, the ambiguous positions for these predictions were included as disordered positions.
For the assessment of the connectivity of the conserved disordered proteins, the protein interaction dataset was downloaded from BioGRID [41] , version 3.1.84. The connectivity for the conserved disordered proteins was 3.0 and 6.2 for C. elegans and D. melanogaster respectively. This was not significantly different from the corresponding values for the entire dataset (3.8 and 7.1), according to a one sample t-test with confidence interval 95%. The functional categories associated with conserved disordered regions were collected from EggNog [33] . Z-scores were calculated by repeated (100,000 times) random sampling of 236 proteins from the set of C. elegans and D. melanogaster proteins, followed by application of the formula (x − µ)/σ, where x is the observed value, µ is the average for the randomized population and σ is the standard deviation for the randomized population. The same procedure was performed on the fungal dataset consisting of 1096 proteins.
Matthews correlation coefficient
The Matthews correlation coefficient [29] The blue indicates sequence identity and the green highlights indicate disorder as predicted using Disopred [24] . These proteins share a global similarity of at least 70% to the S. cerevisiae protein. The figure was constructed using Jalview [43] . The multiple sequence alignment was constructed using the program Muscle [44] . Table 2 : Homologous protein pairs where the disordered region is more conserved than the ordered region for C. elegans (CEL) and D. melanogaster (DME). Functional annotations were retrieved from UniProt and disorder content was assigned using Disopred30 [24] .
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Only pairs where Disopred30 [24] and Iupred30 [23] both show higher conservation for the disordered region are shown in this table. Table 4 : Functional categories overrepresented among the proteins where the disordered region is at least as conserved as the ordered region. Functional categories were extracted using EggNog [33] . The numbers show the ratio between the observed number of proteins for each category divided by the number of expected proteins from the same category given the corresponding proteomes. Z-scores (in parenthesis) were calculated using 100,000 random samples.
